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sloppy paired 1 (slp1)The gene odd paired (opa), a Drosophila homolog of the Zinc ﬁnger protein of the cerebellum (Zic) family of
mammalian transcription factors, plays roles in embryonic segmentation and development of the adult head.
We have determined the preferred DNA binding sequence of Opa by SELEX and shown that it is necessary
and sufﬁcient to activate transcription of reporter gene constructs under Opa control in transgenic ﬂies. We
have found a related sequence in the enhancer region of an opa-responsive gene, sloppy paired 1. This site
also responds to Opa in reporter constructs in vivo. However, nucleotide alterations that abolish the ability of
Opa to bind this site in vitro have no effect on the ability of Opa to activate expression from constructs
bearing these mutations in vivo. These data suggest that while Opa can function in vivo as a sequence speciﬁc
transcriptional regulator, it does not require DNA binding for transcriptional activation.Branch, Center for Biologics
ion, HFM-740, Bldg. 29B, Rm.
x: +1 301 827 0449.
rsh).
Inc.Published by Elsevier Inc.Introduction
TheZincﬁngerprotein of the cerebellum(Zic) family of transcription
factors is highly conserved among metazoans (Aruga et al., 2006) and
plays a variety of critical roles in development. Vertebrate Zic proteins
are required for development of the neural tube and neural crest cells,
the skeleton and musculature, and establishment of left-right asymme-
try (reviewed in (Aruga, 2004; Merzdorf, 2007)). In urochordates they
regulate notochord and muscle development (Yagi et al., 2004a,b;
Sawada et al., 2005; Matsumoto et al., 2007), while the nematode C.
elegans Zic homologue, ref-2, regulates cell fusion during vulval
development (Alper and Kenyon, 2002). The Drosophila Zic homologue
odd paired (opa) is a pair-rule gene, which is required for patterning the
embryonic ectoderm (Benedyk et al., 1994) and midgut development
(Cimbora and Sakonju, 1995).
In humans, Zic genemutations cause a variety of congenital head and
forebrain defects such as holoprosencephaly (Brown et al., 1998) and the
Dandy–Walker malformation (Grinberg et al., 2004). This role for Zic
proteins inhead formation is conserved, aswehave shownthatopa is also
required for adult headmorphogenesis to regulate the transcriptionof the
Drosophila bone morphogenetic protein (BMP) homologue, decapenta-
plegic (dpp), in a spatially restricted area within the major primordia of
the head, the eye/antennal discs (Lee et al., 2007). This dpp expression,restricted to a speciﬁc cell layer of the eye/antennal disc called the
peripodial epithelium (Stultz et al., 2006), is required for correct
formation of the ventral adult head.
To investigate the relationship between opa and dpp expression
during head development we determined the DNA binding properties
of the Opa protein. First, we used the in vitro systematic evolution of
ligands by exponential enrichment (SELEX) method to identify a
consensus DNA binding sequence. Second, we created a reporter
construct containing this sequence, introduced it into ﬂies transge-
nically, and demonstrated that its in vivo transcriptional activation
requires the DNA binding activity of Opa. Third, while we did not ﬁnd
a consensus binding site within our dpp enhancer, a sequence closely
related to our SELEX-derived consensus was found in the 5' enhancer
region of the pair-rule gene, sloppy paired 1 (slp1), which has been
reported to require opa for correct spatial gene expression (Swantek
and Gergen, 2004). We demonstrated that reporter constructs from
the slp1 5' enhancer region containing a single copy of this site
respond to Opa in vivo, but do not require direct DNA binding to do so.
These data suggest that sequence speciﬁc DNA binding is not essential
for Opa to activate transcription.Materials and methods
Drosophila stocks and crosses
The following Drosophila strains were used: UAS-Opa (Lee et al.,
2007), UAS-Ci (provided by Jin Jiang), 4bs-lacZ (Hepker et al., 1999)
168 A. Sen et al. / Developmental Biology 343 (2010) 167–177(provided by Bob Holmgren), dpps-hc-lacZ (Stultz et al., 2006),
Opa4opt-lacZ, Opa4opt-KO-lacZ, slp5-lacZ, slp5-KO-lacZ, slp2-lacZ,
slp2-KO-lacZ (this work), hsFlp; ActinNCD2NGal4, UAS-GFP (provided
by Karin Narbonne-Reveau), dppblink-Gal4, armadillo-Gal4, slp105965
(Bloomington Stock Center), Crosses were carried out at 25 °C. Flip
out clones were induced in 48–72 h larvae by a 1 h 38 °C heat shock.
Cloning and expression of zinc ﬁnger domains from Opa, Ci, and mouse
Zic2
The zinc ﬁnger (ZF) domains from Opa, Ci, and mouse Zic2 were PCR
ampliﬁed from a full length Opa cDNA (Lee et al., 2007), a Ci Zn ﬁnger
cDNA (provided by Bob Holmgren), and mouse Zic2 cDNA clone (Open
Biosystems), respectively. The Opa-ZF domain, including a total of 206
amino acid residues from 190 to 395, was ampliﬁed by Pfu polymerase
using the primer-pair: GGAATTCTCAGGAGCTCTCCTC and
GGAATTCGCCTTCCTGCGCTAC. The Ci-ZF domain, including a total of
245 aminoacid residues from441 to685,was ampliﬁedusing theprimer-
pair: CGGAATTCAGATCAACAAACTG and TTGGGAATTCGTTAACAGATCC.
The mouse Zic2-ZF domain, including a total of 181 amino acid residues
from 242 to 422, was ampliﬁed using the primer-pair:
CCGGATCCTTTTTCCGCTACATG and CCGTCGACTACTCGTAGCCAGA.
EcoRI, BamHI, and SalI sites (underlined) were introduced in respective
primers for subsequent cloning into the pMAL-c2x expression vector
(NEB), allowing expressionofMaltose binding protein (MBP) fused to the
N-terminus. Clones were transformed into BL21 (DE3) competent cells
for expression, and puriﬁcation of MBP-fusion proteins was performed
according the supplier's protocols.
Gel retardation assay and PCR cycles for SELEX
SELEX was performed using the random oligonucleotide substrate
prepared as follows: a 90-nucleotide long single stranded synthetic
oligonucleotide with the sequence TCCAAGCTTTCTGTATGTCGG-
GATCCN(38)GGATCCCCTAACCGACTAAGCTTATT was used as a template
for PCR ampliﬁcation to make dsDNA using primers TCCAAGCTTTCTG-
TATGTCG and AATAAGCTTAGTCGGTTAGG. The PCR product was gel-
puriﬁed, and end labeledwith γ-32P ATP. For enrichment cycles, 500 ng
of puriﬁed MBP-Opa-ZF fusion protein was incubated with 5–10 ng
labeled DNA in binding buffer (20 mMHEPES, 100 mMKCl, 1 mM DTT,
0.25 mMEDTA, 0.01% NP-40, 1 mMMgCl2, 8% Glycerol, 100 µg/ml BSA,
0.1 mg/ml Poly (dI–dC)) and Electrophoresis Mobility Shift Assay
(EMSA) was performed as described below. The shifted protein–DNA
bandwas cut out from the dried gel and the DNA eluted. DNAwas then
ampliﬁed by PCR, and the cycle repeated a total of seven times. DNA
from the 7th cycle was multimerized by ligation and cloned into pPCR-
Script vector (Stratagene) for sequencing.
Electrophoresis mobility shift assay (EMSA)
Single stranded complementary oligonucleotides were annealed at
10 µM in 1x annealing buffer (10 mM Tris–HCl (pH 8.0), 50 mM NaCl,
0.2 mM EDTA (pH 8.0)). 10 pmol of double stranded oligonucleotides
were end-labeled with γ-32P ATP (Amersham; 3000 Ci/mmol) by T4
polynucleotide kinase (NEB) using the supplier's protocol. EMSA was
performed according to standard methods (Halder and Carroll, 2001).
Puriﬁed fusion protein was incubated with 1–4 nM of 5' end labeled
probe in binding buffer. Bound and free probes were separated on a
4–20% polyacrylamide gel.
To create mutant oligonucleotides for EMSA, mutations were
introduced in the Ci/Gli consensus in two different positions critical
for DNA binding, based on published data (Mizugishi et al., 2001). The
Opa binding sequence was altered in two positions based on the
SELEX frequency matrix and from EMSA results obtained from single
nucleotide substitutions.Plasmid constructs
An oligonucleotide having four Opa binding sites (Opa4opt) was
designed based on the SELEX consensus, with variable ﬂanking regions
based on SELEX clones to avoid creating four copies of an identical
sequence in the ﬂanking region. EcoRI and BamHI restriction sites were
introduced into its 5' and 3' ends, respectively. Two complementary
oligos were annealed and cloned into pCaSpeR-hs43-lacZ and con-
ﬁrmedby sequencing. Theupper strand sequencewith fourOpabinding
sites (Bold, underlined) is shown:
TAGAATTCTACGGGGGGTCTGAGTACGCGGGGGGTCCAAGA-
CACCGGGGGGTCGCGTACAACGGGGGGTCAGAGGATCCCG. The
Opa4opt-KO plasmid construct was created by mutating all four
binding sites in theOpa4opt oligo from the consensus, CGGGGGGTC, to
a double mutant shown to not band shift by EMSA, CGAGGGGAC.
Theβ-galactosidase reporter construct slp5-lacZwas created from slp1
as follows. A 518 bp genomic fragment spanning −7670 to −7153 bp
upstreamof the slp1promoterwas ampliﬁedbyprimer-pair: AGGAATTC-
TACGGGCCAAGGAC and CCTTTAGAATTCGTCGCAGTGC. The ampliﬁed
fragment was then cloned into the EcoRI site of pCaSpeR-hs43-lacZ.
Restriction sites introduced within the primers are underlined. The
corresponding mutated slp5-KO-lacZ construct was created with the
Quikchange lightning site-directed mutagenesis kit (Stratagene).
The same nucleotide changes introduced in the Opa4opt-KO
construct were introduced, changing thewild type site, AGGGGGGTA
to AGAGGGGAA
A 202 bp version of the slp1 reporter construct, slp2-lacZ, which
still contained the proposed Opa binding site, was created with a
nested primer-pair. The knock out construct was created with the
same nucleotide alterations as slp5-KO-lacZ, described above. Trans-
genic ﬂies were created by standard protocols.
Histochemical and immunohistochemical detection
β-galactosidase activity in imaginal discs was detected by X-gal
staining as previously described (Blackman et al., 1991). Discs were
mounted in Aquamount (Gurr), and examined using DIC. Immuno-
histochemistry on imaginal discs was performed as previously
described (Carroll and Whyte, 1989). Mouse monoclonal antibody to
β-galactosidase (Developmental Studies Hybridoma Bank) was used
at 1:25. Secondary antibodies conjugated to Alexa Fluor® 488 or Alexa
Fluor® 555 (Molecular Probes) were used at 1:1000. Nuclei were
visualized with DAPI. Discs were mounted in Vectashield (Vector
Laboratories) and imaged with a Radiance Confocal Microscope.
Immunohistochemistry on embryos was performed as described
elsewhere (Hursh et al., 1993), using mouse monoclonal antibody to
β-galactosidase (Promega) at 1:1000, with a Vectastain Elite kit
(Vector Laboratories) and diaminobenzadine as the substrate.
Results
Opa is required for the expression of dpp in the lateral peripodial
epithelium of the eye/antennal disc
We previously demonstrated a genetic requirement for opa in the
expression of dpp in the lateral peripodial epithelium of the eye/
antennal disc (Lee et al., 2007), using a dpp β-galactosidase reporter
construct, dpps-hc-lacZ (also called SH53), created with DNA from the
head capsule enhancer region in the 5’ cis-regulatory region of the dpp
gene (Stultz et al., 2005; Stultz et al., 2006). The dpps-hc-lacZ reporter is
not expressed in recombination-induced loss-of-function opa clones in
the eye/antennal disc, and loss of expressionwas strictly conﬁnedwithin
the clone boundaries, indicating that opa is necessary for dpp expression
and that this requirement is cell autonomous (Lee et al., 2007). In this
work, we asked if Opa is sufﬁcient to induce dpps-hc-lacZ expression, and
addressed this by making clones of tissue in the eye/antennal disc
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Basler, 1993). Opa positive clones activate the expression of dpps-hc-lacZ,
also in a cell autonomous manner (Fig. 1); however, only clones that
arise in the peripodial epithelium are capable of activating the reporter.
Clones arising from tissue within the disc proper do not show reporter
expression, suggesting that Opa requires co-factors whose expression
is limited to the peripodial epithelium, or that Opa activation of dpp
is speciﬁcally repressed in the disc proper. The cell autonomous
activation of dpps-hc-lacZ identiﬁes Opa as a candidate for direct
transcriptional activation of the dpp head capsule enhancer, and we
wished to determine if Opa acts as a site-speciﬁc DNAbinding protein in
the activation of dpp.Opa recognizes the Ci/Gli consensus site in vitro, and is capable of
activating transcription through this site in vivo
Zic protein families have signiﬁcant homology in their zinc ﬁnger
domains both within their own family, and to that of the Gli family of
proteins, which are the terminal transcriptional regulators of the
Hedgehog (Hh) signalingpathway.Cubitus interruptus (Ci), theDrosophila
Gli homolog, is the closest relative of opa in theDrosophila genome. X-ray
crystallographic data of a human Gli zinc ﬁnger-DNA complex revealed
that twenty-four amino acid residues spreading out over zinc ﬁngers two
throughﬁvemake contactwithDNA (Pavletich andPabo, 1993). Twenty-
three of these contact residues are also found in Ci. Within the Opa and
mouse Zic2 zinc ﬁngers, 18 of these amino acids are identical to Ci, four
have conservative amino acid substitutions and one is different (Fig. 2A).
A consensus binding site (TGGGTGGTC) has been identiﬁed for Gli
proteins (Kinzler and Vogelstein, 1990) and extended to Ci (Alexandre
et al., 1996; Hepker et al., 1999). In vitro binding site determination for
the three mouse Zic family zinc ﬁnger domains, using the SELEX
method, demonstrated that all of these zinc ﬁnger domains also
recognize the Ci/Gli consensus (Mizugishi et al., 2001). We therefore
wanted to know if Opa would recognize this consensus site.
Electrophoretic mobility shift assays were performed on the Ci/Gli
consensus sequence using puriﬁed Opa and Ci zinc ﬁnger (ZF) pro-
tein regions fused with maltose binding protein (MBP), hereafter
designated Opa-ZF and Ci-ZF (Fig. 2B). MBP alone did not bind the Ci/
Gli consensus (data not shown). The binding of both Opa-ZF and Ci-ZF
is speciﬁc, as binding can be reversed by the addition of cold
competitor (Fig. 2C). Neither protein bound a mutated target, nor
could this target compete for binding with the Ci/Gli site (Fig. 2D),
further indicating the speciﬁcity of binding. Both proteins requiredFig. 1. Opa induces cell autonomous expression of dpps-hc-lacZ in the peripodial epithelium o
(arrow) and a clone in the peripodial epithelium (arrowhead) ectopically expressing both Op
(C) is the merge of (A) and (B). Note that many clones were produced, as indicated by additi
(A and C). Also, clones in both the disc proper and peripodial epithelium display altered adZinc ion for binding, as expected for an interaction of a Zinc ﬁnger
domain with its sequence-speciﬁc binding site (Fig. 2D). However,
our EMSA experiments indicated that Ci-ZF binds with signiﬁcantly
higher afﬁnity to the Ci/Gli consensus than Opa-ZF. This was also
observed when the mouse Zic1, Zic2, and Zic3 proteins were
compared with mouse Gli3 on an identical binding site (Mizugishi
et al., 2001). As can be seen in Fig. 2E, it takes 400 nM Opa-ZF to
produce a shift of similar intensity to 4 nM Ci-ZF. These data indicate
that like vertebrate Zic proteins, Opa can bind the Ci/Gli consensus
in vitro, albeit with less afﬁnity than Ci, and led us to ask if a Ci/Gli
consensus site would respond to Opa in vivo.
We used a β-galactosidase reporter construct driven by tandemly
repeatedGli sites (Hepker et al., 1999) in transgenic ﬂies to askwhether
Opa could activate transcription through the Gli sites in vivo. This
construct, 4bs-lacZ, contains four consensus Ci/Gli sites alternatingwith
four weak Scalloped (Sd) sites, the latter inadvertently created by the
cloning strategy. Endogenous expression from this construct is found
only in a stripe along the A/P compartment boundary in the region of
the disc destined to give rise to the wing pouch (Fig. 3A). This region
expresses both Hh-activated Ci and Sd proteins. The 4bs-lacZ construct
is responsive to ectopic expression of both Ci and Sd (Hepker et al.,
1999), and is used to monitor Ci in a fully activated state (Wang and
Holmgren, 1999). Endogenous levels of Opa do not activate expression
of 4bs-lacZ in either embryos or imaginal discs. We ectopically
expressed Opa in transgenic ﬂies using the Gal4/UAS system with the
dppblink-Gal4 driver, which expresses along the anterior/posterior
compartment boundary inmost appendage discs, around the perimeter
of the eye disc, and in a ventral pie-shaped wedge in the antennal disc.
As can be seen in Fig. 3D, expression of Opa in the wing imaginal
disc causes morphological abnormalities, but also ectopic expression of
β-galactosidase. There is no endogenous expression from the reporter
construct in the eye/antennal disc (Fig. 3B). Ectopic expression of Opa in
this disc results inβ-galactosidase expression in the antennal disc in the
same region as theGal4 driver, although little or no expression is seen in
the eye portion of the disc, despite the expression of Gal4 in this tissue.
Likewise, there is no endogenous 4bs-lacZ expression in leg discs, but
ectopicOpaexpression causesβ-galactosidase expression in thedomain
of Gal4 expression in this tissue as well. These results demonstrate that
Opa can robustly activate transcription in vivo through Ci/Gli consensus
binding sites. Opa activates expression of this construct using the
dppblink-Gal4 driver more strongly than Ci itself (Supplemental
Fig. 1A–C), and co-expression of Opa and Ci produces an intermediate
level of expression suggesting thatCi andOpa interferewitheachother's
ability to activate the enhancer (Supplemental Fig. 1D–F). We alsof the eye/antennal disc. A third instar disc showing the endogenous dpps-hc-lacZ pattern
a, as indicated by GFP, (green in B) and β-galactosidase, driven by dpps-hc-lacZ (red in A).
onal GFP staining (B), but only the single peripodial epithelium clone is positive for lacZ
hesion characteristics such that the clones appear round.
Fig. 2. Opa-ZF has homology to Ci, and binds to the Ci/Gli consensus. (A) Homology between the DNA-binding zinc ﬁngers 2–5 of Opa and Ci proteins using the LALIGN program
(http://www.ch.embnet.org/software/LALIGN_form.html). Mouse Zic2 is included for comparison. Only this region of these proteins share signiﬁcant homology: 57% identical
amino acids residues within the zinc-ﬁnger domains of Opa and Ci. The zinc ﬁngers are underlined. DNA contact residues that are identical between Opa and Ci are marked by stars,
those having conservative changes are marked by triangles, and the single non-conserved contact residue is marked with a circle. Note that DNA binding resides between Opa and
mouse Zic2 are identical. (B) 10% SDS-PAGE gel of puriﬁed MBP-fusion proteins expressed in Escherichia coli. (C) Selective binding of Opa-ZF and Ci-ZF to the Ci/Gli consensus
sequence are concentration dependent [lane 1 (0.5 µM), lane 2 (1 µM), lane 3 (2 µM), lane 7 (6.2 nM), lane 8 (12.5 nM) and lane 9 (25 nM)]. Labeled probe concentration was 3 nM.
Addition of unlabeled competitor reduces binding in a concentration dependent manner, [lane 4 (60 nM), lane 5 (300 nM), lane 6 (1.5 µM), lane 10 (60 nM), lane 11 (300 nM), and
lane 12 (1.5 µM)]. (D) Opa-ZF and Ci-ZF fail to bind a substrate mutant in 2 nucleotides (mutations in bold, TGAGTGGAC), (Mizugishi et al., 2001) nor can that oligonucleotide
compete for binding. The labeled probes and unlabeled competitors were as follows: wild type Ci/Gli site labeled (w*) or unlabeled (w), and mutant Ci/Gli site labeled (m*) or
unlabeled (m), Opa-ZF (0.5 µM) and Ci-ZF (12.5 nM) were added to the reactions loaded on lanes 1–4 and lanes 7–10, respectively. Labeled probes without proteins (lanes 5 and 6)
were run as controls. Binding also requires zinc (lanes 11 and 12). Labeled probe concentrationwas 2 nM and unlabeled competitors were 1 µM. (E) Comparison of the afﬁnity of Opa-ZF
and Ci-ZF on the Ci/Gli site. Concentrations of two proteins (in nM) are indicated above each lane. The probe concentrationwas 2 nM. Shifted and unshifted probes aremarked by arrows
and arrow heads, respectively, here and in subsequent ﬁgures.
170 A. Sen et al. / Developmental Biology 343 (2010) 167–177ectopically expressedOpa, Ci, orOpa/Ci combinationsandexamined the
adult heads that resulted. A similar intermediate phenotype is observed
for co-expressed Opa/Ci, as compared to either protein individually,
suggesting that ectopically expressed Opa and Ci compete on other in
vivo targets as well (Supplemental Fig. 1G–H).
These data indicate that Opa recognizes, and is able to activate
transcription through Ci/Gli sites, albeit with lower afﬁnity than Ci,
and thus could be acting as a site speciﬁc DNA binding transcription
factor.Determination of an Opa DNA binding sequence by in vitro SELEX
However, no Ci/Gli consensus sequence motifs exist within our
Opa-responsive head capsule enhancer. We therefore used the SELEX
method (Pollock and Treisman, 1990) to determine if alternative DNA
sequence targets for Opa exist. To determine the target site of the Opa-
ZF, random thirty-eight nucleotide sequences were created, ﬂanked
by known sequences for subsequent PCR ampliﬁcation and cloning.
The radiolabeled PCR product was incubated with puriﬁed Opa-ZF and
Fig. 3. Ectopic expression of Opa activates transcription via Ci/Gli sites in vivo. β-galactosidase expression from imaginal discs bearing the 4bs-lacZ construct. (A-C) Endogenous
expression of 4bs-lacZ in wing, eye/antennal, and leg discs, respectively. (D-F) Ectopic expression of 4bs-lacZ in dppblink-Gal4NOpa wing, eye/antennal, and leg discs, respectively.
(D) Imaginal disc exhibits morphological abnormalities caused by ectopic Opa expression, and the ectopic 4bs-lacZ expression is indicated by arrows.
171A. Sen et al. / Developmental Biology 343 (2010) 167–177the protein–DNA complex was separated on a native polyacrylamide
gel. DNA was eluted from shifted bands and PCR ampliﬁed (Fig. 4A).
Selected DNAwas subjected to seven rounds of selection-ampliﬁcation,
and as can be seen, EMSA data indicate that as the cycles progress,
targets with higher afﬁnity are enriched in the pool (Fig. 4B). Fifty-
seven DNA fragments were isolated from cycle seven, duplicates were
removed, and the remaining 48 sequences were aligned to reveal a
9 bp binding sequence (Fig. 4C). A frequency matrix was created
(Fig. 4D), which indicates that the consensus sequence selected by
Opa-ZF is CGGGGGGTC (henceforth referred to as Opa-BS). This
sequence differs from the Ci/Gli consensus, TGGGTGGTC, at only two
of nine residues, with a cytosine residue at the 1st position and a
guanosine residue at the 5th position more prevalent among our
selected fragments.
To verify our SELEX results and determine the importance of each
nucleotide to binding, we performed a mutational analysis. We
synthesized nine mutant oligonucleotides (M1 to M9) based on the
SELEX frequency matrix, replacing each nucleotide within the 9 bp
corewith the least “selected” nucleotide (Fig. 5A). For the 5th position,
two mutant oligonucleotides, M5 and M10 were created. The ﬁrst
(M5) tested the least occupant nucleotide, while the second (M10)
closely resembles the previously analyzed Ci/Gli site (M11), having
thymidine in the 5th position only. Each mutant oligonucleotide was
used directly for EMSA (Fig. 5B), and M1–M10 as an unlabeled
competitor against the SELEX-determined consensus site (Fig. 5C).
These analyses revealed that positions two, four, ﬁve, six, seven and
nine were moderately required, while the identity of positions three
and eight were critical. However, while the SELEX results suggested a
preference for cytosine at position one, wewere unable to conﬁrm this
experimentally in vitro. All possible substitutions were made at that
position (M1, M12, M13) (Fig. 5A); however, in both direct EMSA and
cold oligonucleotide competition experiments, position one made no
signiﬁcant contribution to DNA binding (Fig. 5D). We also used the
complete Ci/Gli site (M11) in this mutational analysis and found that
Ci/Gli site shows less, although still signiﬁcant, binding afﬁnity thanthe newly identiﬁed site. The Ci/Gli site closely resembles M10, and
both produce equivalent EMSA and cold oligonucleotide competition
results, supporting our data that the identity of the nucleotide at
position one has no effect on binding. These results show that Opa
prefers, at least for in vitro conditions, a different target than the Ci/Gli
consensus.
Behavior of Opa on the new consensus sequence
Opa-ZF binds to the newly determined consensus site, Opa-BS, in a
concentration dependent manner (Fig. 6A). An oligonucleotide
(CGAGGGGAC) bearing mutations in critical nucleotides, as deter-
mined by the data in Fig. 5, neither binds nor is able to abrogate
binding of the consensus sequence, indicating that binding is speciﬁc
(Fig. 6B). We also compared the binding afﬁnity of Opa-ZF to the
newly determined site and Ci/Gli consensus site and found that Opa-ZF
binds toOpa-BSwith approximately2 foldhigher afﬁnity than theCi/Gli
consensus (Fig. 6C–D). Asmouse Zic2 had been reported to prefer the
Ci/Gli consensus binding site (Mizugishi et al., 2001), we asked if Zic2
bound to our SELEX determined site with higher afﬁnity than that of
Ci/Gli. As can be seen in Fig. 6E, the zinc ﬁnger of mouse Zic2 binds
the Opa site with approximately 3 times higher afﬁnity than the Ci/
Gli consensus, comparable to the behavior of Opa on this site.
However, when we compare the ability of Ci-ZF to bind Opa-BS, our
data indicate that Ci-ZF binds the SELEX determined Opa-BS with
approximately 25 fold higher afﬁnity than Opa itself (Fig. 6F).
Opa can activate transcription through the Opa-BS site in vivo
To test the ability of Opa to activate gene expression through the
newly determined consensus sequence in vivo, we created a β-
galactosidase reporter construct, Opa4opt-lacZ, driven by four tandemly
repeated Opa-BS sites, in transgenic ﬂies. We used four different
ﬂanking sequences recovered from SELEX oligonucleotides to avoid
creatingmultiple copies of a cryptic secondary site, aswas the casewith
Fig. 4. Opa-ZF binding site determination by SELEX. (A) Schematic diagram of enrichment protocol as adapted from Perkins et al. (1991). (B) Representative EMSA gels from 1st, 4th,
and 6th cycles showing the progressive enrichment of selected oligonucleotides. (C) Compilation of Opa-ZF binding sequences from cycle seven. Forty-eight sequences were aligned
to form the consensus (shaded). (D) Frequency matrix for an Opa-ZF binding site at nine nucleotide positions deduced from the alignment shown in C. (E) Sequence logo created by
EnoLOGO (Workman et al., 2005).
172 A. Sen et al. / Developmental Biology 343 (2010) 167–177Ci/Gli consensus construct, 4bs-lacZ. The Opa4opt-lacZ construct had
weak segmental expression in embryos (Fig. 7A), but unlike 4bs-lacZ,
had no endogenous expression in imaginal discs (data not shown).
Using a variety of Gal4 expression constructs to express ectopic
Opa in imaginal discs, we were unable to generate expression fromOpa4opt-lacZ. However, ectopic Opa expression in embryos using
armadillo Gal4driver (arm-Gal4) produced robust ectopicβ-galactosidase
expression in a segmental pattern (Fig. 7B). Expressionwas also produced
using the engrailed-Gal4 driver (data not shown). Ci, expressed under the
control of arm-Gal4, also produced β-galactosidase expression in a
Fig. 5.Mutational analysis of the SELEX-determinedbinding sequenceofOpa-ZF. (A) Twelve single and onedoublenucleotide changes (underlined basesM1 toM13)were designedbased
on the frequencymatrix. (B) Binding afﬁnitieswere compared by EMSA. Oligonucleotide identity is indicated above each lane. Concentrations of labeled probe and proteinwere 3 nMand
1 µM, respectively. (C) Competitionwith unlabeledmutant oligonucleotides. Concentrationswere identical to B and unlabeled competitors were 300 nM. (D) EMSA showing that the ﬁrst
position within the 9 bp sequence does not contribute to speciﬁc binding. Lane 5 has no protein, but the appearance of a weak shifted band comes from the ﬂanking wells.
173A. Sen et al. / Developmental Biology 343 (2010) 167–177segmental pattern (Fig. 7C). However, this expression was consistently
muchweaker than that generated byOpa, evenwith an insertion of the Ci
expressionconstruct that generated strongmorphogenetic abnormalities,
thus presumably strong expression.
To determine if the SELEX-determined Opa binding sites in Opa4opt
were required for Opa to activate transcription, we introducedmutations
in all four Opa-BS sites, creating the construct, Opa4opt-KO-lacZ. We
created mutations in two nucleotides demonstrated to be critical by our
mutational analysis (Fig. 5),making four copies of amutant sitewhichwe
demonstrated would neither bind Opa in a band shift nor compete with
the SELEX- determined site for binding (Fig. 6B). This construct no longer
had weak endogenous expression (Fig. 7D), and as can be seen in Fig. 7E
and F, replacement of the four Opa-BS within our Opa4opt context with
sites that are no longer able to bind Opa in vitro completely eliminates
expression induced by both Opa and Ci in vivo. Thus, for this synthetic
tetrameric site, binding by Opa appears to be necessary and sufﬁcient for
transcriptional activation.
sloppy paired 1, a genetic target of opa, contains an Opa consensus
binding site
As our SELEX-determined binding site responds to Opa in vivo, we
interrogated the Drosophila genome for candidate genes bearing copies
of a minimal consensus motif, “GGGGGGTA/C”. Using the Fly Enhancer
program (opengenomics.org), we identiﬁed 2501 single motifs across
theDrosophila genome.Oneof thesemotifs resided in the sloppy paired 1
gene, which has been identiﬁed as a target of Opa transcriptional
regulation in concert with the transcription factor Runt. Runt and Opa
are sufﬁcient to activate slp1 in all cellular blastoderm cells that do not
express the homeodomain transcription factor fushi tarazu (ftz)
(Swantek and Gergen, 2004), thus slp1 is a biologically plausible direct
target of Opa. We have found a site (AGGGGGGTA), which is very close
to our consensus Opa binding site, approximately 7 kb upstream from
the start site of slp1 transcription.Opa-ZF can speciﬁcally bind to this sitein EMSA (Fig. 8A). This putative Opa site is adjacent to an approximately
1 kb region which also contains potential Runt and Ftz binding sites
(Fig. 8B).We created a 518 bpβ-galactosidase reporter, slp5-lacZ, which
contained only this Opa binding site, without Runt or Ftz sites. As can be
seen from Fig. 8C, this reporter construct produces expression in a
patchy segmental manner in the early germ-band extended embryo.
Expression from an enhancer trap insertion in the slp1 gene, slp105965, is
shown in Fig. 8I, for comparison, indicating that slp5-lacZ seems to
recapitulate weak, partial slp1 expression. No expression is seen in
imaginal discs (data not shown). When Opa is expressed ubiquitously
using the arm-Gal4 driver, increased expression from the slp5-lacZ
reporter construct is seen, both within the endogenous segmental
pattern, and in other areas within the embryo, including mesoderm,
whichdoes not reﬂect thenormal slp1pattern (Fig. 8D). However,when
we created a slp5-KO-lacZ construct using the same nucleotide
substitutions used for Opa4opt-KO, we unexpectedly found that this
alteration produced no change in the ability of the construct to respond
to Opa when expressed by arm-Gal4 (data not shown). We reasoned
that there could be both direct and indirect effects of Opa on this
relatively large construct, and therefore created a shorter 202 bp
construct, slp2-lacZ (Fig. 8B). While this construct had no endogenous
expression, unlike slp5-lacZ, it produced much more robust segmental
expression in response to Opa expressed under arm-Gal4 control
(Fig. 8E–F). The expression resembled that seen when Opa4opt-lacZ is
activated by Opa using the same driver. However, again this robust
activationwas unaffected by the introduction of the same two nucleotide
substitutions used in both the Opa4opt-KO-lacZ and slp5-KO-lacZ
constructs (Fig. 8H). We conclude that DNA binding, at least as deﬁned
by in vitro tests, is not required for Opa to activate gene expression from
the Opa-BS within the slp1 gene. Ci does not activate either of these
reporters, sowewereunable to ask if Ci requiredDNAbindingon this site.
We also attempted to activate these reporters using the Runt and Opa
proteins together, but found no evidence that Runt acts on these
constructs either alone or in conjunction with Opa.
Fig. 6. Behavior of Opa-ZF on the SELEX-identiﬁed site. (A) Binding of Opa-ZF is concentration dependent with lanes 1–3 having 0.5 µM, 1 µM, and 2 µM of protein, respectively.
Addition of increasing amounts of unlabeled competitor abrogates binding with lanes 4–6 having 60 nM, 300 nM, and 1.5 µM, respectively. Labeled probe concentration was 3 nM.
(B) Binding of Opa-ZF is speciﬁc. Binding to consensus (w, CGGGGGGTC) and mutant (m, CGAGGGGAC) labeled probes (marked by an asterisk) was compared in the absence or
presence of 500 fold more unlabeled probes (no asterisk). Lanes 5 and 6 are controls with no protein. Labeled probe concentration was 3 nM. (C-D) Afﬁnity of Opa-ZF to the newly
isolated Opa-BS site (shown as O-BS on ﬁgure) compared to the Ci/Gli consensus (TGGGTGGTC, C-BS). (C) Comparison of Opa-ZF binding to Opa-BS and C-BS. Lanes 1–3 have Opa-ZF,
lanes 4–6 Opa-ZF, and lanes 9–12 Opa-ZF. Probe concentration was 2 nM. (D) Binding of Opa-ZF to Opa-BS in the presence of the indicated competitors. Concentrations of labeled
probe and protein were 3 nM and 0.5 µM, respectively. (E) Binding of Opa-ZF (800 nM) and mZic2-ZF (2.5 nM) to O-BS and C-BS. Concentration of labeled probe was 3 nM.
(F) Comparison of the afﬁnity of Opa-ZF and Ci-ZF on Opa-BS. Concentrations of two proteins (in nM) are indicated above each lane. The probe concentration was 2 nM.
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We did not ﬁnd any close matches to our consensus Opa binding site
within the5’ cis-regulatory regionof thedppgenewhere theheadcapsule
enhancer resides. Several sites approximated the Opa consensus motif,
and these were interrogated by EMSA, but none produced protein DNA
complexes with Opa-ZF (data not shown). In addition, to insure that no
additional sites existed thatwere capable of interactingwith theOpaDNA
binding domain, we performed EMSA using probes which covered the
core response region of the dpp head capsule enhancer, a 600 bp element
that recapitulates correct lateral peripodial expression in the eye/Fig. 7. Opa can activate transcription through the Opa-BS site in vivo. (A) Immunohistoch
segmental expression is seen. (B) arm-Gal4NOpa, stage 11 Opa4opt-lacZ embryo showing ac
activation is seen. (D) No expression is seen from Opa4opt-KO-lacZ in a stage 11 embryo.
(compare with B). (F) arm-Gal4NCi, also fails to activate Opa4opt-KO-lacZ in a stage 11 emantennal disc (Stultz et al., 2006). We did not observe any speciﬁc
interactions of the Opa-ZF with DNA from this region (data not shown).
Our ability to identify an Opa DNA binding site and demonstrate
that a multimerized version of this site can activate transcription in
response to Opa DNA binding in vivo, suggests that bona ﬁde direct Opa
targets do exist. For slp1, one can identify a site by in vitro methods, but
the contribution of that Opa-BS to enhancer function is unclear. No
such identiﬁable sites were found in the dpp head capsule enhancer.
Thus, while we cannot eliminate the possibility that Opa acts directly
on the dpp head capsule enhancer, given that Opa can activate
transcription of slp1 in the absence of DNA binding, and thereforeemical detection of expression from Opa4opt-lacZ in a stage 11 embryo. Only spotty
tivation by ubiquitous Opa (C) arm-Gal4NCi, stage 11 Opa4opt-lacZ embryo. Only weak
(E) arm-Gal4NOpa fails to activate expression in a stage 11 Opa4opt-KO-lacZ embryo
bryo. Anterior is left, and dorsal is up.
Fig. 8. Opa-ZFbinds to a site in the 5’ enhancer of the slp1 gene andactivates expression through it in vivo. (A) Selective bindingofOpa-ZF to theAGGGGGGTA sequence (7429nucleotides from
start site of transcription) in slp1. Binding of Opa-ZF is concentration dependent [(lane 1 (0.5 µM), lane 2 (1 µM), and lane 3 (2 µM)]. 3 nM of labeled probe was used. Addition of unlabeled
competitor reduces binding in a concentration dependent manner [unlabeled competitor: lane 4 (75 nM), lane 5 (150 nM), and lane 6 (300 nM)]. Binding requires Zinc (lane 7). Control
reaction without protein (lane 8). (B) Schematic of slp1 gene where position 0 is the start site of transcription. Potential Runt sites (Meyers et al., 1993) are marked with triangles, the Ftz site
(Percival-Smith et al., 1990)with a caret, and the positions of slp5-lacZ and slp2-lacZwithin the 5’ cis-regulatory region aremarkedwith horizontal lines. (C) Immunohistochemical detection of
expression from slp5-lacZ in a stage 11 embryo, lateral view. Weak, spotty segmental expression is seen. (D) arm-Gal4NOpa, stage 11 slp5-lacZ embryo, lateral view. Despite ubiquitous
expressionofGal4, spatially restrictedβ-galactosidase expression is seen, including in themesoderm. (E) slp2-lacZ, stage11.Noexpression is seen. (F)arm-Gal4NOpa, stage11 slp2-lacZ embryo,
lateral view, showing segmental activation of lacZ expression. (G) slp2-KO-lacZ, stage 11. No expression is seen. (H) arm-Gal4NOpa, stage 11 slp2-KO-lacZ embryo, dorsal view, showing
segmental lac Z activation despite mutation of Opa-BS. (I) Expression from a stage 11 embryo bearing a slp1 enhancer trap, slp105965, lateral view. Anterior is to the left, and dorsal is up. The
embryos in C, D, and I were stained in parallel, and those in E-H were stained in parallel.
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the dpp head capsule enhancer. Either Opa activates another
transcriptional activator, which in turn activates the dpp enhancer,
or Opa may bind as part of a multimeric complex, with most of the
ability of Opa to interact with the enhancer directly coming from the
partner proteins.Discussion
We have used the Opa zinc ﬁnger domain with the SELEX method
to identify a preferred in vitro DNA binding sequence. This Opa
consensus sequence is similar to one reported to bind the urochordate
Zic gene, macho-1 (Yagi et al., 2004a; Sawada et al., 2005), but differs
at two bases from the consensus for Ci/Gli, whichwas identiﬁed as the
consensus site for mouse Zic genes (Mizugishi et al., 2001). We ﬁnd
however, that the mouse Zic2-ZF shows a preference for the site
determined by our SELEX experiment when it and the Ci/Gli site aredirectly compared in EMSA, so we believe the site we have identiﬁed
is the preferred site for both Opa and Zic2.
The binding of Opa to DNA is relatively weak; we have observed
that Ci binds DNA more strongly than Opa, even on the SELEX
determined Opa binding site. The binding of mouse Zic proteins to
DNA is also weak, when compared to the activity of Gli proteins on the
same site (Mizugishi et al., 2001; Sakai-Kato et al., 2008), and other
Cys2His2 zinc ﬁnger proteins such as Sp1 (Cohen et al., 1997).
Our SELEX-determined binding site is both necessary and sufﬁcient
for Opa to activate transcription in vivo in a construct bearing four
consensus Opa binding sites. However, we ﬁnd that a related sequence
present in a single copy in the 5’ region of the opa-responsive gene, slp1
(Swantek and Gergen, 2004) which binds to Opa in EMSA and
responds to Opa in reporter constructs in vivo, apparently does not
require direct DNA binding to activate transcription. Knock out
mutations predicted to eliminate DNA binding in vitro and which
eliminate function in the artiﬁcial Opa4opt-KO construct, have no
effect on the ability of Opa to activate reporter gene expression from
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sequence speciﬁc DNA binding transcriptional activator that may not
require direct DNA binding in all contexts. In the synthetic site there
may be no site for a DNA binding partner, so transcriptional activation
may be more directly linked to Opa DNA binding. We examined
sequence conservation around the Opa-BS in the slp1 5’ enhancer
among Drosophilia species and found that while the actual Opa-BS is
not highly conserved, the region immediately upstream of the binding
site is highly conserved, suggesting that another DNA binding partner
may be important to the ability of Opa to act on the slp1 gene. This
partner could ameliorate the strict requirement for direct DNAbinding
by Opa in this case.
Ubiquitous Opa activates both the artiﬁcial tetrameric Opa4opt
construct and the reporter constructs in slp1 in a cell speciﬁc manner.
These data also suggest that Opa requires partners for transcriptional
activation. These partners may be necessary to allow Opa to overcome
its relatively weak DNA binding ability, and may in some cases allow
Opa to activate transcription independent of direct DNA binding.
There is evidence that Zic family genes activate transcription
through consensus DNA binding sites (Salero et al., 2001; Yagi et al.,
2004b; Matsumoto et al., 2007); however, none of these studies
mutated these DNA binding sites to conclusively demonstrate in vivo
function. In contrast, activation by Zic proteins is also reported to occur
in the absence of deﬁned Zic binding sites (Mizugishi et al., 2001;Ware
et al., 2006). In particular, mouse Zic2 activates transcription in
transfection assays in tissue culture through a TK promoter with no
observed Zic binding sites, although these studies note that the
presence of binding sites enhances expression (Mizugishi et al., 2001,
2004). Zic proteins have been isolated in large molecular complexes
containing either DNA-dependent protein kinase (DNA-PK) subunits
and RNA helicase, or poly(ADP-ribose) polymerase, with the kinase
and polymerase required for transcriptional activation (Ishiguro et al.,
2007). Also, it was recently reported that Zic2 requires phosphoryla-
tion by DNA-PK for activity (Ishiguro and Aruga, 2008). Such data
suggest that the mechanism of Zic proteins in gene activation may be
complex, and theremay bemore than onemanner in which Zic family
members affect transcription.
The ﬁve Cys2His2 zinc ﬁnger domains of the Zic family are also
homologous to the zinc ﬁngers of the Gli family of proteins and our
data indicates that Opa can both bind in vitro and activate gene
expression in vivo through consensus Ci/Gli sites. Ectopic co-
expression of Opa and Ci produces morphogenetic alterations that
are intermediate to either one alone (Supplemental Fig. 1). In addition,
a unique reporter expression pattern can be seen during co-
expression, suggesting that the two proteins are interfering with
each other in vivo. Synergistic enhancement or repression of
transcriptional activity, depending on the cell type, has been reported
for Zic and Gli proteins in transfection assays (Mizugishi et al., 2001),
and Xenopus embryo injection (Brewster et al., 1998). In addition,
mouse Zic and Gli proteins interact through their zinc ﬁnger domains
in yeast 2-hybrid experiments, and Gli proteins, normally largely
cytoplasmic, are translocated to the nucleus in the presence of over-
expressed Zic (Koyabu et al., 2001). Developmental defects ascribed to
Zic mutations, such as the midline defect holoprosencephaly, are also
attributed to alterations in the Hh pathway (Muenke and Beachy,
2000) and genetic interactions between the genes encoding Zic andGli
have been reported (Aruga et al., 1999). This has lead to the suggestion
that Zic proteins function downstream of Hh signaling by interacting
with and regulatingGli proteins as part of their normal function during
development (Aruga, 2004). We considered this hypothesis, as the
morphogenesis of the adult Drosophila head is also controlled by Hh
(Royet and Finkelstein, 1996; Amin et al., 1999). However, Opa and Ci
are not co-expressed in any domain relevant to our head capsule
mutant phenotype. This suggests that Opa and the Hh pathway
regulate head development independently of each other. Similar
results have been reported for both mouse and zebraﬁsh forebraindevelopment. In both cases Zic2 acts prior to the requirement for Sonic
hedgehog (Shh) and therefore cannot be functioning as a downstream
component of the pathway (Sanek and Grinblat, 2008; Warr et al.,
2008).Whilewe see potent interactions betweenOpa and Ci in ectopic
over-expression assays, we can ﬁnd no evidence that such interactions
occur during normal development. Thus,while Zic genes are capable of
interacting with Gli genes in vivo, this may not form part of their
normal biological function.
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